Abstract Flood distributions can have unimodal or multimodal densities due to different flood generation mechanisms such as snowmelt and rainfall in the annual flood series. When applying nonparametric frequency analysis to annual flood data from the province of New Brunswick in Canada, unimodal, bimodal and heavy-tailed distribution shapes were found. By grouping basins with similarly-shaped densities on a geographical basis, homogeneous regions were delineated. Regional equations derived for a homogeneous region gave lower integral square errors than those of province-wide equations.
INTRODUCTION
The estimation of design floods at ungauged sites is a common task for water resources engineers. The information from gauged sites can be transferred to ungauged sites through regionalization techniques and thus improve at-site estimation for ungauged locations. These regionalization techniques involve three basic steps: homogeneous region delineation, at-site flood frequency analysis and regional relationship development (Kite, 1977) .
The identification of homogeneous regions is one of the more serious obstacles to obtaining a satisfactory regional solution. It is known that the division of larger geographical areas into smaller homogeneous regions leads to regional flood regression equations with smaller standard errors (Moin & Shaw, 1986) . Of the many approaches which have been suggested in delineating homogeneous regions, some are based on residual analysis, others on standardized flow statistics (Burn, 1990) , some on defining an identical distriOpenfor discussion until 1 October 1993 bution (Hosking & Wallis, 1991) , and still others on multivariate analysis techniques (Bhaskar & O'Connor, 1989; Cavadias, 1990) .
Those methods seeking an identical parametric distribution or regional values of parameters must contend with the limitation and subjectivity of parametric flood frequency analysis. An alternative to parametric flood frequency analysis which has been successfully employed is nonparametric frequency analysis (Adamowski, 1989) . Nonparametric methods do not depend on an assumption regarding the type of distribution or on the estimation of many parameters. In fact, in nonparametric frequency analysis, a single parameter, the smoothing factor, is calculated based on available data. This smoothing factor has no regional interpretation.
It has been shown (Waylen & Woo, 1982; that many rivers in Canada generate floods from a compounded probability density function corresponding to different flood producing mechanisms. It has also been found (Alila, 1988) that some annual flood distributions in Canada are bimodal with each mode corresponding to a different flood generation process. As it is known that a number of mechanisms can lead to the annual maximum floods in North America (Hirshboeck, 1987) , it is proposed to employ the probability density function shape, which corresponds to flood generating mechanisms, to delineate homogeneous regions.
The province of New Brunswick, where floods occur from a variety of mechanisms, is used herein for numerical analysis. The probability density function shapes needed to define homogeneous regions can be determined from nonparametric frequency analysis (Adamowski, 1985) . Simulation studies show that the sampling variability of a unimodal distribution will not produce a bimodal density if analysed by nonparametric frequency analysis. Comparison of the various density shapes on a regional basis yields a homogeneous bimodal region for New Brunswick. Regional regression analysis is performed to demonstrate that lower integral square errors result for a regional equation based on that homogeneous region.
METHODOLOGY Homogeneous regions
Homogeneous regions are usually defined as regions having similar hydrological, climatic and physiographic characteristics, and/or flood-related variables such as coefficient of skew. The subdivision of a large area into smaller homogeneous regions for the purpose of flood frequency analysis as well as the determination of regionalized skew coefficient (US Water Resources Council, 1982) is often quite controversial. For quantile estimation, regional equations are developed or regional parameters evaluated which then apply to this homogeneous region.
There seems to be no uniquely objective approach to the delineation of homogeneous regions. It is generally agreed, however, that grouping basins within a homogeneous region will yield regional relationships with lower standard errors than those for the entire study area (Kite, 1977) . In some cases, the difference can be somewhat significant as for the two-year flood in New Brunswick (Inland Waters, 1987) , where the province-wide equation had a standard error of 18% but the equation for homogeneous regions had standard errors of 14, 12, 11 and 15%. In Ontario (Moin & Shaw, 1986) , the provincewide two-year flood equation had a standard error of 35% while the regional equations had standard errors of 38, 20 and 32%. A common approach in homogeneous region delineation is to examine the residual pattern from a linear regression of a given design flood for the entire study area. Based on the geographical proximity of positive and negative residuals, homogeneous regions are then proposed. For a New Brunswick regional flood study (Inland Waters, 1987) , it was found that the residual pattern corresponded in some instances to the province's climatic zones (Inland Waters, 1988a) .
Homogeneous regions delineated on a geographical basis, however, are often not hydrologically similar (Linsley, 1982; Cunnane, 1987) . Consequently, some researchers define homogeneity in terms of flood-related variables such as normalized annual flood and coefficient of variation, which leads to nongeographical regions (Wiltshire, 1985; Burn, 1989) . The use of multivariate analysis techniques resulted in non-geographical regions for the state of Kentucky (Bhaskar & O'Connor, 1989 ) and the island of Newfoundland (Cavadias, 1990 ) that were very different from those obtained using residual analysis.
Another approach to homogeneous region delineation involves assuming that all single station flood frequencies within the region follow the same probability distribution or that they have some constant distribution parameters (Hosking & Wallis, 1991) . Selecting a single distribution for a region or defining a set of constant distribution parameters can be subjective due to the limitations of parametric frequency analysis. Additionally, there may be more than one suitable parametric distribution within a region and the assumption of constant parameters may not be valid. Nonparametric methods do not require assumptions as to the distribution shape or type and depend on a single parameter having no constant regional value. Furthermore, the density shape obtained from nonparametric frequency analysis is a reflection of the generating mechanisms or the climatic causes behind the floods.
Essentially, all of the approaches discussed above for homogeneous region delineation are based either on some sort of geographical consideration (on the basis of general location, physiography, weather regimes) or flood data characteristics (probability distribution, regional statistical flood parameters). It is possible to combine geographical considerations and flood data characteristics for homogeneous region delineation through the use of the probability density function shape, which is dependent on the processes that generate floods in the watershed.
A basin with a single mechanism for flood generation will have a unimodal density while a basin with two or more mechanisms, for example autumn floods from rainfall and spring snowmelt floods, may have a bimodal probability density function. This shape, determined from the nonparametric frequency density, is then compared on a geographical basis and used for the delineation of homogeneous regions. This technique does not exclude the possibility of non-geographical regions. Such an approach, which groups basins following similar probability distributions, is essentially a reflection of climatic considerations.
Nonparametric frequency analysis
The estimation of design floods can be accomplished by the more conventional parametric methods or by nonparametric methods (Adamowski, 1985) . The parametric approach involves fitting an assumed theoretical probability distribution to a series of observed maximum annual flows. Numerous probability distributions have been proposed, the most commonly used in Canada being the lognormal, the three-parameter lognormal, the generalized extreme value, and the log-Pearson III (Pilon et al., 1985) .
Parametric fitting of distributions, however, presents numerous difficulties. Design floods are typically required for large return periods at the right-hand tail of the distribution where little information is available. In all parametric methods, the entire data set determines the shape of the tail and it has been shown that a small difference in the lower flood values can severely affect the right-hand tail (KlemeS, 1987) . Other problems are the impact of outliers and the assumption of a unimodal distribution.
Floods in Canada and many other parts of the world are known to be the result of a variety of generating mechanisms such as snowmelt, frontal precipitation, local thunderstorms and hurricanes, and thus are not drawn from a single statistical population. Also, watersheds are not time invariant, as they produce different flood outputs for the same storm input at different times of the year. Obviously, in a cold climate, floods occurring in the spring on frozen ground with snowmelt are different from summer floods.
Throughout the North American continent, the large return period floods are very often caused by a process different from that of the smaller return period floods (Stoddart & Watt, 1970; Diehl & Potter, 1987; Hirschboeck, 1987; Waylen & Woo, 1984 ) and yet it is these smaller floods, along with the large ones, that are used together to assess the larger design floods in parametric flood frequency analysis. The many drawbacks of parametric frequency analysis make distribution selection a difficult task, as exemplified by the complexity of an expert system for flood frequency analysis (Chow & Watt, 1990) .
In many instances, the probability density function of annual maximum floods is known to be bimodal (Alila, 1988; Labatiuk & Adamowski, 1987) . Some researchers have suggested the use of a mixed distribution, or the use of a heavy-tailed distribution, to define properly the distribution of annual floods where they are multimodal (Waylen & Woo, 1982; Rossi et ah, 1984; Singh, 1987; Ahmad et ah, 1988) . The problem with a mixed distribution approach again concerns distribution selection along with the increased number of parameters to be estimated.
An alternative approach is based on nonparametric frequency analysis, a technique which does not require an assumption (which may turn out to be totally erroneous) with regard to distribution shape or type. In the nonparametric kernel method, the probability density function J(x) can be defined as (Adamowski, 1985) :
where the x, are the observations, K( ) is the selected kernel function (which is itself a probability density function such as a normal or rectangular distribution), n is the number of data points and h is a smoothing factor to be estimated from the data.
The process of constructing a density function is similar to the one of building a histogram with class interval h. In a histogram, one adds a rectangular block of height l/nh at the centre of the class interval to which a given data point belongs. The final histogram frequency distribution is the sum total of all blocks, each one of area 1/n. In nonparametric frequency, one adds a kernel function of area \ln centred at the data point location itself. This kernel may have a variety of shapes, such as a rectangle or a normal distribution. The final nonparametric density is the sum total of all kernels.
The choice of the kernel function is not crucial to the performance of the method as most kernels lead to almost identical estimates. In this study, a Gaussian kernel has been used and is given by (Adamowski, 1989) :
where h is the smoothing factor to be calibrated from the data. The selection of the smoothing factor h in nonparametric frequency is crucial as it defines the smoothness of the density function (Labatiuk & Adamowski, 1987) . One method for h selection has been the minimizing, by a cross-validation technique, of the integrated mean square error (IMSE) which is expressed by (Silverman, 1986) :
where f n (x) is an estimate of the unknown density fix). Scott & Terrell (1987) have shown that the cross-validation procedure leads to consistent and asymptotically optimal nonparametric density estimates. Studies by Adamowski (1989) , Bardsley (1989) and Guo (1991) have shown that the use of nonparametric methods in flood analysis gives results that are accurate, uniform, and particularly suitable for multimodal data. The climate of New Brunswick is very variable throughout the province (Inland Waters, 1988a) . As shown by Fig. 2 , the province is divided into four climatic regions: the Bay of Fundy, eastern New Brunswick, the New Brunswick Lowlands and the New Brunswick Highlands, corresponding to numbers 1 to 4 on Fig. 2 . The Bay of Fundy region (Region 1) has high precipitation, which is in part due to the region's proximity to the major storm tracks on the east coast of North America, and low snow accumulation. Dying tropical storms will on occasion affect this area. Eastern New Brunswick (Region 2) and the New Brunswick Lowlands (Region 3) are areas of low precipitation and moderate Waters, 1988a) . snow accumulation. The New Brunswick Highlands (Region 4), which cover roughly half of the province, form an area of moderate to high snow accumulation. The climate is actually very variable throughout that whole area as the wide range of snow parameters on Fig. 2 indicates. The most northern part of this region is subject to large quantities of snowfall and thus to very large snow accumulations in the spring. It should be noted that a small range in mean annual precipitation, and not different flood generating mechanisms, was the basis for delineating the climatic regions. Figure 3 is a map of the average water content of snowpack on 31 March as simplified from a more complex map (Inland Waters, 1987) . There is a climatologically different area in the north with average snowpack above 200 mm as well as another climatologically different area in the southwest with average snowpack below 120 mm.
Fig. 2 Climatic regions of New Brunswick (taken from Inland
A partitioning of annual maximum floods in New Brunswick by seasons indicated a strong, although imperfect, correlation between seasonal occurrence and flood mechanism (Gingras & Adamowski, 1992) . Sample sizes of less than 20 years for many stations, along with poor coordination between meteorological and hydrometric stations, made some of the analysis uncertain. Spring floods are commonly due to rain-on-snow events, usually within a prolonged snowmelt period. However, on occasion, a rainfall-only flood will occur in late spring after all the snow has melted. The limited availability of snow cover data makes the division between spring floods with snowmelt and spring floods without snowmelt uncertain for some stations. Thus the division of the spring flood series into generating mechanisms is imperfect.
The division by mechanisms for floods outside the spring season is more straightforward. Winter floods occur from rain on snow while autumn floods are due to frontal precipitation events as are some of the few summer floods. Some hydrometric stations in the south of the province, however, are also affected on occasion by dying tropical storms during the summer (Inland Waters, 1988a) .
In the northern part of the province, the majority of floods occur in the spring, from rain on snow. As one goes southward, a greater proportion of floods come in the summer, autumn or winter. In the southernmost parts of the province, spring floods may account for less than 50% of all annual maximum floods in some instances. All of the above indicates that different mechanisms are at play in different parts of the province; snowmelt is the dominant annual flood factor in some areas of the north while in the remainder of the province a combination of rain-on-snow and rainfall-only floods occur.
Single station frequency analysis
Using nonparametric frequency analysis, the 2, 10, 20, 50 and 100 year floods were estimated, employing historical information at three sites where it was available. Figure 4 is an example of the resulting parametric and nonparametric 
Fig. 4 Cumulative frequency functions for Lepreau River at Lepreau: (a) three parameter lognormal distribution, parameters estimated by maximum likelihood; and (b) nonparametric method.
cumulative frequency functions for station 01AQ001 on the Lepreau River. The parametric distribution is the three-parameter lognormal which was employed in a previous study (Inland Waters, 1987) . It is important to note how different the flood estimates of return periods greater than ten years are in both methods. The parametric and the nonparametric approaches provide ten-year flood estimates, respectively, of 131 and 142 m 3 s" 1 , while at the one hundred year flood level, the estimates are, respectively, 266 and 335 m 3 s" 1 . The probability density functions obtained from nonparametric analysis were plotted and visually compared among each other. The 53 stations were classified into three distinct groupings based on probability density function shape: a unimodal group, a bimodal group and a heavy-tailed group. It should be noted here that, for the bimodal and heavy-tailed group, parametric flood frequency would have fitted a unimodal, and therefore unsuitable, distribution to the data (Gingras & Adamowski, 1992) .
It was discovered that basins with floods of similar probability density function shape were subject to similar flood generating mechanisms. The majority of New Brunswick rivers have annual maximum floods following a bimodal distribution such as Fig. 5 for the Canaan River (station 01AP002). The maximum density of the second mode is usually less than half that of the first mode. These rivers are subject to spring floods and occasional winter or autumn or summer floods. The winter, autumn and summer floods usually form between ten and rarely more than thirty percent of all annual maximum floods.
A small number of rivers have a smooth unimodal density, e.g. for the Upsalquitch River (station 01BE001) of Fig. 6 , where a great majority of floods occur from the spring snowmelt. Summer and autumn floods usually account for less than 10% of annual maximum floods. Another small number have a heavytailed density as for the Lepreau River (station 01AQ001) of Fig. 7 . These rivers are usually mainly subject to spring floods but also on many occasions to autumn and winter floods. In the case of the Lepreau River, floods took place during the mid-August to mid-September period, an indication of tropical storms. Two of the five stations with heavy-tailed densities have over 50% of their annual maximum floods occurring at a time other than the spring.
Because of the long tail of station 01AQ001 (Fig. 7) , an unrealistic gap appears in the figure, which causes no problem when exceedance probability is estimated. A density function using only the last 30 years instead of the full 70 years has a smoother, but nonetheless heavy, tail, as shown in Fig. 8 . With the availability of a much longer record, the unrealistic gap in the long tail is expected to disappear.
Simulations
Due to the presence of a large grouping of bimodal densities, it was decided to investigate the possibility of their being caused simply by sampling varia- bility. Monte Carlo simulations were therefore undertaken with the purpose of verifying that nonparametric methods would properly identify unimodal densities if present in the data. No attempt was made here to simulate the existing flood characteristics of the data being analysed in New Brunswick.
Simulations from an extreme value type I (EV1) distribution resulted in roughly half of the densities from nonparametric frequency analysis being unimodal, about one-third being unimodal with some distortion in the tail and the remainder being multimodal. A bimodal distribution with a very high second peak, as found for some New Brunswick floods, and as shown in Fig. 5 , was never encountered. One could argue that some of the New Brunswick bimodal distributions with a low second peak were due to sampling variability; however, their repeated occurrences cannot be accounted for solely by sampling variability. As well, out of the one hundred simulations, only six had a distortion in the tail in any way similar to the ones seen in Figs 7 and 8 for the heavy-tailed region.
Data were then generated from a bimodal distribution produced from a combination of two EVls. Over 40% of the densities from nonparametric frequency analysis were bimodal with two high distinct peaks, close to 10% were unimodal, and close to 50% were multimodal, many of them being bimodal distributions with a distortion in the tail.
It was thus concluded that only data from a bimodal distribution would produce a density function with two high peaks by nonparametric frequency analysis. Thus, some of the New Brunswick annual maximum floods must be generated from a bimodal distribution and those two peaks are not due to sampling variability. As for the heavy-tailed densities, it was concluded that the probability was very remote that many distributions of such similar shape could DISCHARGE (M3/S) Fig. 6 Probability density Junction for Upsalquitch River.
DISCHARGE (M3/S)

Fig. 7 Probability density junction for Lepreau River.
randomly be found so close to each other given their low chance of occurrence due to sampling variability.
RESULTS
Homogeneous region delineation
As shown in Fig. 1 , most rivers with unimodal probability density functions come from the same geographical area in northern New Brunswick, while those with a heavy tail tend to come from the same part of southern New Brunswick. These two areas correspond very closely to the climatologically different areas shown in Fig. 3 . Therefore, based on these findings, a homogeneous bimodal region excluding these two areas with different density shapes was established.
As a consequence, grouped together are basins subject to the same flood generating mechanisms which appear to respond in a similar fashion to these mechanisms because of their similar density shape. A small number of unimodal densities were found in the bimodal region; since these had floods resulting from different mechanisms, it was assumed that the two modes had been very close to each other, leading to a unimodal density.
In order to test whether a group of sites contain data all drawn from the same probability distribution, a statistical test employing L-moments was used. For the New Brunswick annual maximum floods, three heterogeneity measures, the details of which are available elsewhere (Hosking & Wallis, 1991) , were computed. Hosking & Wallis (1991) suggest that values of these measures less than unity mean a region is acceptably homogeneous, values between 1 and 2 DISCHARGE (M3/S) River 1959 River -1988 mean possibly heterogeneous, while values above 2 mean definitely heterogeneous. There is no inconsistency in using a parametric test to ascertain the homogeneity of regions established by a nonparametric approach because the latter was merely used as a screening tool in order to group basins of similar probability density shape.
Fig. 8 Probability density function for Lepreau
The test was applied (Gingras & Adamowski, 1992) to the entire 53 stations resulting in three heterogeneity measures between 1 and 2, implying that the New Brunswick flood data set was possibly heterogeneous. The same test was then applied to the 44 stations from the delineated homogeneous bimodal region, resulting in three heterogeneity measures less than 1. This region was therefore considered homogeneous, to be drawn from the same probability distribution, by the statistical test. While the delineated bimodal region could perhaps be further subdivided based on some other criteria, it could not be reduced in size based on the selection of an identical distribution.
Regional Analysis
The unimodal shape and heavy-tailed shape regions that were found contained, respectively, only four and five hydrometric stations, numbers too small to develop useful regression equations. Each of these groupings probably belongs to a larger homogeneous region, only a small portion of which is located in New Brunswick. The set of 53 stations minus the nine stations having a different density shape, i.e. a total of 44 stations, may thus be called the homogeneous bimodal region. Regional analysis was performed and compared for both the homogeneous bimodal region and on a province-wide basis in order to determine whether the delineation of a homogeneous region would result in more accurate regional equations.
Multiple linear regression, which involves developing a series of regional equations for floods of various return periods, was the chosen regionalization approach. The 2, 10, 20, 50 and 100 year flood estimates were subjected to a linear regression against physiographic and climatic parameters such as drainage area, mean annual precipitation, percentage of lakes and swamps, and average water content of snow on 31 March as computed for the basins draining to the hydrometric stations. The following relationships were used:
where Q is the design flood of a given return period and x 1 and x 2 are physiographic or climatic variables, while a, b, c, d and e are regression coefficients. Ordinary least squares was used to determine the regression coefficients, given in Table 1 , for the entire province and for the homogeneous bimodal region. The most significant factor to enter the equation was always drainage (Adamowski & Middleton, 1977) :
where 0 { are the single station flood estimates, P, the predicted flood estimates from the regression equation and n the sample size. Tables 2 and 3 list the ISEs for the regressions of flood versus drainage area as well as flood versus drainage area and mean annual precipitation. for the province-wide equations are very similar, in some instances with identical or almost identical coefficients. A computation of the standard errors of the regression parameters indicates that the equations for the bimodal region and for the entire province are not statistically different. Yet a comparison of the goodness of fit of the regional equations shows a difference between the province-wide ISEs and the bimodal region ISEs for various return periods.
For the smaller return periods (2 year and 10 year floods in Table 2 , and 2 year flood in Table 3 ), the ISEs are lower for the province-wide equations as opposed to the bimodal region equations. This is as expected because the province-wide equations were developed with a larger sample of stations. However, for the other return periods, the bimodal region equations have lower ISEs. This means that, once the stations with non-bimodal probability density function shapes are removed, the resulting regression equations have lower ISEs. The reason for this is that the large return period floods of the nonbimodal stations were caused by processes different from those for the remainder of the province. By defining a homogeneous bimodal region, in other words by removing some stations from where they did not belong, their adverse impact on the regressions was eliminated.
Thus it is observed that perhaps different homogeneous regions could be defined for different return period floods. In New Brunswick, for return periods of 20 years and above, a homogeneous region different from that of the lower return period floods could be delineated. This is not unexpected as it was previously found that floods and low flows can have different homogeneous regions (Inland Waters, 1988b) .
CONCLUSION
In New Brunswick, the shape of the probability density function, as estimated from nonparametric frequency analysis, is highly correlated to the presence of different flood generating mechanisms. Simulation studies have shown that nonparametric frequency analysis is reliable in assessing the probability density shape. The latter has been shown to be a useful tool in delineating homogeneous flood regions by grouping basins of similar density shape. Lower integral square errors were found for the regional equations for large return period floods of a homogeneous region as compared to a province-wide equation.
